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Abstract  82 
Coral reefs provide ecosystem goods and services for millions of people in the 83 
tropics, but reef conditions are declining worldwide. Effective solutions to the crisis 84 
facing coral reefs depends in part on understanding the context under which different 85 
types of conservation benefits can be maximized. Our global analysis of nearly 1,800 86 
tropical reefs reveals how the intensity of human impacts in the surrounding 87 
seascape, measured as a function of human population size and accessibility to reefs 88 
(‘gravity’), diminishes the effectiveness of marine reserves at sustaining reef fish 89 
biomass and the presence of top predators, even where compliance with reserve rules 90 
is high. Critically, fish biomass in high compliance marine reserves located where 91 
human impacts were intensive tended to be less than a quarter that of reserves where 92 
human impacts were low. Likewise, the probability of encountering top predators on 93 
reefs with high human impacts was close to zero, even in high-compliance marine 94 
reserves. However, we find that the relative difference between openly fished sites 95 
and reserves (what we refer to as conservation gains) are highest for fish biomass 96 
(excluding predators) where human impacts are moderate and for top predators 97 
where human impacts are low. Our results illustrate critical ecological tradeoffs in 98 
meeting key conservation objectives: reserves placed where there are moderate to 99 
high human impacts can provide substantial conservation gains for fish biomass, yet 100 
they are unlikely to support key ecosystem functions like higher-order predation, 101 
which is more prevalent in reserve locations with low human impacts. 102 
 103 
Significance Statement:  104 
Marine reserves that prohibit fishing are a critical tool for sustaining coral reef 105 
ecosystems. Yet it remains unclear how human impacts in surrounding areas affect 106 
the capacity of marine reserves to deliver key conservation benefits. Our global study 107 
found that only marine reserves in areas of low human impact consistently sustained 108 
top predators. Fish biomass inside marine reserves declined along a gradient of 109 
human impacts in surrounding areas, however, reserves located where human 110 
impacts are moderate had the greatest difference in fish biomass compared to openly 111 
fished areas. Reserves in low human impact areas are required for sustaining 112 
ecological functions like high-order predation, but reserves in high impact areas can 113 
provide substantial conservation gains in fish biomass. 114 
 115 
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\body 116 
Text 117 
The world’s coral reefs are rapidly degrading (1-3), which is diminishing ecological 118 
functioning and potentially affecting the wellbeing of the millions of people with 119 
reef-dependent livelihoods (4). Global climate change and local human impacts (such 120 
as fishing) are pervasive drivers of reef degradation (1, 5). In response to this “coral 121 
reef crisis”, governments around the world have developed a number of reef 122 
conservation initiatives (1, 6, 7). Our focus here is on the efficacy of management 123 
tools that limit or prohibit fishing. Management efforts that reduce fishing mortality 124 
should help to sustain reef ecosystems by increasing the abundance, mean body size, 125 
and diversity of fishes that perform critical ecological functions (8-10). In practice, 126 
however, outcomes from these reef management tools have been mixed (5, 11-13).   127 
 128 
A number of studies have examined the social, institutional, and environmental 129 
conditions that enable reef management to achieve key ecological outcomes, such as 130 
sustaining fish biomass (5, 14, 15), coral cover (16), or the presence of top predators 131 
(17). These studies often emphasize the role of: 1) types of key management 132 
strategies in use such as marine reserves, where fishing is prohibited, or areas where 133 
fishing gears and/or effort are restricted to reduce fishing mortality (8, 18); 2) levels 134 
of compliance with management (12, 19, 20); 3) the design characteristics of these 135 
management initiatives, for example the size and age of reserves, and whether they 136 
are placed in remote versus populated areas (11, 21); and 4) the role of social drivers 137 
such as markets, socioeconomic development, and human demography that shape 138 
people’s relationship with nature (14, 22).  139 
 140 
In addition to examining when key ecological conditions are sustained, it is also 141 
crucial to understand the context under which conservation gains can be maximized 142 
(23, 24). By conservation gains, we are referring to the difference in a conservation 143 
outcome (e.g. the amount of fish biomass) when some form of management (i.e. a 144 
marine reserve or fishery restriction) is implemented relative to unmanaged areas. 145 
These conservation gains can be beneficial for both people and ecosystems. For 146 
example, increased fish biomass inside marine reserves is not only related to a range 147 
of ecosystem states and processes (18), but can also result in spillover of adults and 148 
larvae to surrounding areas, which can benefit fishers (25-27). The potential to 149 
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achieve conservation gains may depend on the intensity of human impacts in the 150 
surrounding seascape (23, 24), yet, these effects have never been quantified.  151 
 152 
Here, we use data from 1798 tropical coral reef sites in 44 nations, states, or 153 
territories (hereafter ‘nation/states’) in every major coral reef region of the world to 154 
quantify how expected conservation gains in two key ecological outcomes are 155 
mediated by the intensity of human impact, namely: i) targeted reef fish biomass (i.e. 156 
species generally caught in fisheries); and ii) the presence of top predators (Methods, 157 
SI Appendix; Table S1). To quantify human impact at each site, we draw from a long 158 
history of social science theory and practice to develop a metric referred to as 159 
‘gravity’ (Box 1). The concept of gravity (also called interactance) has been used in 160 
economics and geography to measure economic interactions, migration patterns, and 161 
trade flows since the late 1800s (28-30). We adapt this approach to examine potential 162 
interactions with reefs as a function of how large and far away the surrounding 163 
human population is (Box 1). At each site, we also determined the status of reef 164 
management, grouped into either: i) openly fished, where sites are largely 165 
unmanaged and national or local regulations tend to be poorly complied with; ii) 166 
restricted fishing, where there are actively enforced restrictions on the types of gears 167 
that can be used (e.g. bans on spear guns) or on access (e.g. marine tenure systems 168 
that restrict fishing by ‘outsiders’); or iii) high-compliance marine reserves, where 169 
fishing is effectively prohibited (Methods). We hypothesized that our ecological 170 
indicators would decline with increasing gravity in fished areas, but that marine 171 
reserves areas would be less sensitive to gravity. To test our hypotheses, we used 172 
general and generalized linear mixed effects models to predict target fish biomass 173 
and the presence of top predators, respectively, at each site based on gravity and 174 
management status, while accounting for other key environmental and social 175 
conditions thought to influence our ecological outcomes (14 ; Methods). Based on 176 
our models, we calculated expected conservation gains along a gravity gradient as the 177 
difference between managed sites and openly fished sites. 178 
 179 
Box 1 180 
Drawing on an analogy from Newton’s Law of Gravitation, the gravity concept 181 
predicts that interactions between two places (e.g. cities) are positively related to 182 
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their mass (i.e. population) and inversely related to the distance between them (31). 183 
The gravity concept is often considered one of the most successful and long-enduring 184 
empirical models in economics and geography (31), but has rarely been directly 185 
applied in a natural resource management setting and holds much promise in 186 
informing reef conservation and management. Application of the gravity concept in a 187 
reef governance context posits that human interactions with a reef are a function of 188 
the population of a place divided by the squared time it takes to travel to the reefs 189 
(we used travel time instead of linear distance to account for the differences incurred 190 
by travelling over different surfaces such as water, roads, tracks; Box 1 Fig.; SI 191 
Appendix; Table S2; 14, 32). Here, we build upon previous work (14) by developing 192 
a new indicator that examines the cumulative human gravity of all populated places 193 
within a 500-km radius of a given reef, which aims to capture both market and 194 
subsistence pressures on reef fish biomass. We tested the predictive power of a series 195 
of gravity metrics with varying radiuses (50km, 250km, 500km) and exponents of 196 
travel time (travel time, travel time2, travel time3; Methods, SI Appendix; Table S3). 197 
A key limitation of our global gravity metric is that we are unable to capture local 198 
variations in efficiencies that may affect fishing mortality per capita, such as fishing 199 
fleet technology or infrastructure (e.g. road) quality.  200 
 201 
Our analysis reveals that human gravity was the strongest predictor of fish biomass 202 
(Fig. 1, S1). Fish biomass consistently declined along a human gravity gradient, a 203 
trend particularly evident at the nation/state scale (Fig1B-D). However, this 204 
relationship can vary by management type (Fig. 1, SI Appendix; Fig. S1). 205 
Specifically, we found that biomass in reserves demonstrated a flatter (but still 206 
negative) relationship with gravity (Fig. 1B) compared to openly fished and restricted 207 
areas (Fig. 1C, D). Interestingly, this differential slope between reserves and fished 208 
areas (Fig. 1H) was due to a strong interaction between gravity and reserve age such 209 
that older reserves contributed more to biomass in high gravity situations than in low 210 
gravity ones (SI Appendix; Fig. S1). This is likely due to fish stocks at high gravity 211 
sites being heavily depleted and requiring decades to recover, whereas low gravity 212 
sites would likely require less time to reach unfished biomass levels (8). Thus, given 213 
average reserve age in our sample (15.5 years), biomass in reserves did not decline as 214 
rapidly with gravity compared to fished and restricted areas (Fig. 1H). In the highest 215 
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gravity locations, modelled fish biomass in marine reserves was approximately five 216 
times higher than in fished areas (270kg/ha compared to 56 kg/ha) (Fig.1H). At the 217 
reef site scale, there was considerable variability in reef fish biomass, particularly at 218 
low gravity (Fig. 1E-G). For example, at the lowest gravity locations, biomass levels 219 
in reserves spanned more than 3 orders of magnitude (Fig. 1E). Importantly, there 220 
was never extremely high biomass encountered in high gravity locations. Our 221 
estimate of target fish biomass included top-predators. As a supplemental analysis, 222 
we also examined target fish biomass with the biomass of top predators excluded, 223 
which displays a similar trend, but with lower fish biomass in reserves at low gravity 224 
compared to when top predators are included (SI Appendix; Fig S2). 225 
 226 
A key finding from our study is that top predators were encountered on only 28% of 227 
our reef sites, but as gravity increases, the probability of encountering top predator on 228 
tropical coral reefs dropped to almost zero (<0.005), regardless of management (Fig 229 
2). The probability of encountering top predators was strongly related to gravity and 230 
the type of management in place, as well as sampling methodology and area surveyed 231 
(Fig. 2, SI Appendix; Fig. S1). At low gravity, the probability of encountering a top 232 
predator was highest in marine reserves (0.59) and lowest in fished areas (0.14), 233 
when controlling for sampling and other environmental and social drivers (Fig 2, SI 234 
Appendix; Fig. S1).  235 
 236 
Our study demonstrates the degree to which fish communities inside marine reserves 237 
can be affected by human impacts in the broader seascape (Fig. 1,2). Critically, high-238 
compliance marine reserves in the lowest gravity locations tended to support more 239 
than four times more fish biomass than the highest gravity reserves (1150 versus 270 240 
kg/ha, respectively; Fig. 1H). Likewise, the modelled probability of encountering a 241 
top predator decreased by more than one hundred-fold from 0.58 in low gravity 242 
reserves to 0.0046 in the highest gravity reserves (Fig 2H). Our study design meant 243 
that it was not possible to uncover the mechanisms responsible for this decline of 244 
ecological conditions indicators within marine reserves along a gravity gradient, but 245 
this pattern of depletion is likely related to: 1) human impacts in the surrounding 246 
seascape (fishing, pollution, etc.) affecting ecological processes (recruitment, feeding 247 
behavior, etc.) within reserves (33, 34); 2) almost every marine reserve is likely to 248 
have some degree of poaching, even where compliance is considered high (20, 35) 249 
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and the cumulative impacts from occasional poaching events is probably higher in 250 
high gravity situations; 3) the life history of top predators, such as old age of 251 
reproduction and small clutch size which makes then particularly susceptible to even 252 
mild levels of exploitation (36); and/or 4) high gravity marine reserves in our sample 253 
possibly being too young, or too small to provide substantial conservation gains (11, 254 
37). We conducted a supplementary analysis to further examine this latter potential 255 
explanation. Due to collinearity, we could not directly account for reserve size in our 256 
model, but conducted a supplemental analysis where we separated reserves into small 257 
(<28km2) and large (Methods, Fig. S3). We found that the biomass and probability of 258 
encountering top predators was higher in large compared to small reserves, but 259 
surprisingly, we found a flatter slope for small compared to large reserves (SI 260 
Appendix; Fig. S3). However, there were no large high compliance reserves in high 261 
gravity areas in our sample, likely due to the social and political difficulties in 262 
establishing large reserves near people (38). Since there is little overlap between 263 
large and small reserves along the gravity gradient in our sample, we are unable to 264 
distinguish the effects of reserve size from those of gravity, but this is an important 265 
area for future research. Additionally, we modelled how the relationship between 266 
gravity and our ecological outcomes changed with reserve age, comparing outcomes 267 
using the average reserve age (15.5 years) to those from reserves nearly twice as old 268 
(29 years, which was the third quartile of our global distribution in reserve age). 269 
Older reserves were predicted to sustain an additional 180 kg/ha (+66%) of fish 270 
biomass at the highest levels of gravity compared to average age reserves. However, 271 
the effects of reserve age on the probability of encountering a top predator was less 272 
marked: the modelled probability of encountering a top predator in older reserves (29 273 
years) was only 0.01, compared to <0.005 for average age (~15 years) reserves, 274 
suggesting that small reserves common in high gravity situations can support high 275 
levels of biomass, but are unlikely to sustain top predators, even when they are 276 
mature.  277 
 278 
Although absolute fish biomass under all management categories declined with 279 
increasing gravity (Fig. 1B,C), the maximum expected conservation gains (i.e. the 280 
difference between openly fished and managed) differed by management type along 281 
the gravity gradient (Fig. 3A). Interestingly, the conservation gains for restricted 282 
fishing is highest in low gravity situations, but rapidly declines as human impacts 283 
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increase (Fig. 3A, 39). For marine reserves, biomass conservation gains demonstrated 284 
a hump-shaped pattern that peaked at very low gravity when predators were included 285 
in the biomass estimates (solid blue line; Fig 3A). When top predators were excluded 286 
from biomass estimates, conservation gains peaked at intermediate gravity levels, and 287 
were higher in high gravity compared to low gravity (dotted blue line; Fig. 3A). Our 288 
results highlight how the expected differences between openly fished and marine 289 
reserves change along a gravity gradient, given a range of other social and 290 
environmental conditions that are controlled for within our model (SI Appendix; Fig. 291 
S1). Thus, differences in these trends are relative to average conditions, and 292 
individual reserves may demonstrate larger or smaller biomass buildup over time, 293 
which can vary by fish groups and/or families (e.g. 40).  294 
 295 
In an effort to minimize costs to users, many marine reserves, particularly the large 296 
ones, tend to be placed in remote locations that experience low human pressure  (24, 297 
41). However, critics of marine reserves in remote locations suggest that limited 298 
resources could be better-spent protecting areas under higher threat that could 299 
potentially yield greater conservation gains (23, 24, 42). Our results make explicit the 300 
types of benefits – and the limitations- to placing reserves in high versus low human 301 
impact locations. We found that for non-top predator reef fishes, substantial 302 
conservation gains can occur at even the highest gravity locations but that optimal 303 
gains are obtained at moderate gravity (Fig. 3A).  Our results also show that low 304 
gravity marine reserves (and to a lesser extent low gravity fisheries restrictions) are 305 
critical to support the presence of top predators (Fig. 2). Yet, the expected 306 
conservation gains for top predators declines rapidly with gravity in both marine 307 
reserves and restricted areas (Fig. 3B). Our results illustrate a critical ecological 308 
tradeoff inherent in the placement of marine reserves: high gravity reserves can have 309 
the substantial conservation gains for fish biomass, yet they are unlikely to support 310 
key ecosystem functions like predation, even with high levels of compliance. This 311 
highlights the importance of having clear objectives for conservation initiatives and 312 
recognizing the tradeoffs involved (43, 44).  313 
 314 
Our analysis does not allow us to uncover the mechanisms behind why we might 315 
observe the greatest differences in top predators between marine reserves and fished 316 
areas in low gravity locations. A plausible explanation is that top predators such as 317 
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sharks are particularly vulnerable to fishing (17) and are exposed to some fishing 318 
even in the most remote fished areas, driven by the extremely high price for shark 319 
fins (shark fins can fetch US$960/kg in wholesale markets (45); compared to only 320 
$43/kg for parrotfish in European supermarkets (46)). Thus, even small amounts of 321 
fishing in remote openly fished areas may be depleting top predators, which creates a 322 
large difference between low gravity fished areas and marine reserves. This 323 
difference may diminish along the gravity because top predators tend to have large 324 
home range (37), and there were only small reserves in high gravity locations (SI 325 
Appendix; Fig S3), which may mean that existing high gravity reserves are not likely 326 
big enough to support the large home ranges of many predators (37, 47).  327 
 328 
Successful conservation also depends on a range of social considerations (48). For 329 
example, gear restrictions often have greater support from local fishers (49) and are 330 
usually implemented over greater reef areas than marine reserves. We show here that 331 
there are conservation gains produced by gear restrictions, though they are low 332 
relative to marine reserves (Fig. 3). Thus, in locations where a lack of support makes 333 
establishing marine reserves untenable, gear restrictions may still provide 334 
incremental gains towards achieving some conservation goals (8), particularly for 335 
specific fish groups and/or families (39). 336 
  337 
As a supplemental analysis, we examined the conservation gains for biomass of non-338 
target species (SI Appendix; Fig. S1D, S4). This supplemental analysis addresses 339 
whether the effects of gravity on reef fish communities are from fishing or other 340 
impacts, such as sedimentation or pollution. We found very different patterns for 341 
non-target species compared to target species, suggesting the relationship between 342 
target fish biomass and gravity (SI Appendix; Fig. S1) is primarily driven by fishing 343 
pressure.  344 
 345 
Overall, our results demonstrate that the capacity to not only sustain reef fish biomass 346 
and the presence of top predators, but also the potential to achieve conservation 347 
gains, may be highly dependent on the level of human impact in the surrounding 348 
seascape. It is therefore essential to consider the global context of present and future 349 
human gravity in coral reef governance. Consequently, we calculated gravity of 350 
human impacts for every reef cell globally using a 10x10 km grid across the world’s 351 
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coral reefs (Fig. 4). Critically, the distribution of gravity varies substantially among 352 
regions, with the central and eastern Indo-Pacific demonstrating lower gravity values. 353 
Even within a region, there can be substantial variability in gravity values. For 354 
example, the Central Indo-Pacific has highly contrasting gravity patterns, with 355 
Southeast Asian reefs (Fig. 4 panel 3) generally showing extremely high gravity 356 
values while Australian and Melanesian reefs (Fig. 4 panel 4) are dominated by 357 
relatively low gravity values.  358 
 359 
The ways in which gravity will increase over time- and how the impacts of gravity on 360 
reef systems can be reduced is of substantial concern for coral reef governance. The 361 
potential benefits of protecting locations that are currently remote could increase over 362 
time as human populations and the accessibility of reefs change (50). Demographic 363 
projections of high migration and fertility rates in some countries suggest substantial 364 
increases in coastal human populations in developing countries, where the majority 365 
of coral reefs are located (5, 51-53). Development projects that address high rates of 366 
fertility through improvements in women’s education, empowerment, and the 367 
expansion of family planning opportunities have successfully reduced fertility rates 368 
(54, 55). Such initiatives, when partnered with resource management, have the 369 
potential to be beneficial to both people and reefs. Demographic changes such as 370 
increased migration in coastal areas are also expected to be coupled with coastal 371 
development and road building that will increase the accessibility of reefs. For 372 
example, previously uninhabited areas have become more accessible, as evidenced 373 
by China’s recent Belt and Roads Initiative (BRI) and island building enterprise in 374 
the South China Sea (56-58). Investments in sustainable planning of coastal 375 
development and road building could help to minimize unnecessary increases in reef 376 
accessibility. Importantly, stemming increases in gravity is only part of the potential 377 
solution space- it will also be important to dampen the mechanisms through which 378 
gravity operates, such that a given level of gravity can have a lesser impact on reef 379 
systems (1). People’s environmental behavior is fundamentally driven by their social 380 
norms, tastes, values, practices, and preferences (59), all of which can be altered by 381 
policies, media, and other campaigns in ways that could change the local relationship 382 
between gravity and reef degradation.  383 
 384 
Gravity future directions 385 
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Our gravity index (see box 1 and methods) makes several key assumptions that could 386 
potentially be refined in further applications. First, our application of gravity held 387 
friction constant across each specific type of surface (i.e. all paved roads had the 388 
same friction value). Future applications of more localized studies could vary travel 389 
time to reflect the quality of road networks, topographic barriers to access (such as 390 
cliffs), and the availability of technology. Likewise, future applications could also 391 
aim to incorporate local information about fishing fleet efficiency. Secondly, our 392 
adaptation of the gravity model (31) is unidirectional, assuming a constant level of 393 
attraction from any reef (i.e. gravity varies based on human population size, but not 394 
on the quality or quantity of fish on a specific reef). Reefs with more fish, or higher 395 
fish value, could be more attractive and exert a higher pull for exploitation (60). 396 
Likewise, societal values and preferences can also make certain fish more or less 397 
attractive. Our adaptation of gravity was designed to examine the observed 398 
conditions of reefs as a function of potential interactions with markets and local 399 
settlements, so our modification of the concept for this application was appropriate. 400 
However, future applications wishing to predict where reefs may be most vulnerable 401 
might wish to consider incorporating fish biomass or composition (i.e. potential 402 
market price of reef fish) in the gravity equation. Third, our database was not 403 
designed to look at ecological changes in a single location over time. However, 404 
future applications could examine whether ecological recovery in reserves (8) 405 
depends on the level of gravity present. To this end, we provide a global dataset of 406 
gravity for every reef pixel globally upon request (Methods).  407 
 408 
We demonstrate that human impacts deplete reef fish stocks and how certain types of 409 
management can mediate, but not eliminate these pressures. In an era of increasing 410 
change, the global network of marine reserves may not safeguard reef fish 411 
communities from human impacts adequately enough to ensure key ecological 412 
functions such as predation are sustained. Efforts must be made to both reduce and 413 
dampen key drivers of change (1, 61), while maintaining or improving the wellbeing 414 
of reef dependent people. Importantly, we find evidence that both remote and human-415 
surrounded reserves can produce different types of conservation gains. Ultimately, 416 
multiple forms of management are needed across the seascape to sustain coral reef 417 
fishes and the people that depend on them. 418 
 419 
 14 
Materials and Methods 420 
Scales of data 421 
Our data were organized at three spatial scales: reef site (n=1798), reef cluster (n=918), 422 
and nation/state (n=44). 423 
i) Reef site (the smallest scale, which had an average of 2.4 surveys 424 
(transects) - hereafter 'reef'). 425 
ii) Reef cluster (which had an average of 2.6 +/- 2.5 reef sites). We clustered 426 
reefs together that were within 4km of each other, and used the centroid to 427 
estimate reef cluster-level social and environmental covariates. To define 428 
reef clusters, we first estimated the linear distance between all reef sites, 429 
then used a hierarchical analysis with the complete-linkage clustering 430 
technique based on the maximum distance between reefs. We set the cut-431 
off at 4 km to select mutually exclusive sites where reefs cannot be more 432 
distant than 4 km. The choice of 4 km was informed by a 3-year study of 433 
the spatial movement patterns of artisanal coral reef fishers, corresponding 434 
to the highest density of fishing activities on reefs based on GPS-derived 435 
effort density maps of artisanal coral reef fishing activities (62). This 436 
clustering analysis was carried out using the R functions ‘hclust’ and 437 
‘cutree’.  438 iii) Nation/state (nation, state, or territory, which had an average of 50 +/- 79 439 
reef clusters). A larger scale in our analysis was ‘nation/state’, which are 440 
jurisdictions that generally correspond to individual nations (but could also 441 
include states, territories, overseas regions), within which sites were nested 442 
for analysis. 443 
 444 
Targeted Fish Biomass: Reef fish biomass estimates were based on visual counts in 445 
5532 surveys collected from 2,233 reef sites. All surveys used standard belt-transects, 446 
distance sampling, or point-counts, and were conducted between 2004 and 2013. 447 
Where data from multiple years were available from a single reef site, we included 448 
only data from the year closest to 2010. Within each survey area, reef-associated 449 
fishes were identified to species level, their abundance counted, and total length (TL) 450 
estimated, with the exception of one data provider who measured biomass at the 451 
family level. To make estimates of targeted biomass from these transect-level data 452 
comparable among studies, we:  453 
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i) Retained families that were consistently studied, commonly targeted, and 454 
were above a minimum size cut-off. Thus, we retained counts of >10cm 455 
diurnally-active, non-cryptic reef fish that are resident on the reef (14 456 
families), excluding sharks and semi-pelagic species (Table S1). We 457 
calculated total biomass of targeted fishes on each reef using standard 458 
published species-level length-weight relationship parameters or those 459 
available on FishBase (63). When length-weight relationship parameters 460 
were not available for a species, we used the parameters for a closely 461 
related species or genus. For comparison, we also calculated non-target 462 
fish biomass (SI Appendix; Table S1). 463 
ii) Directly accounted for depth and habitat as covariates in the model (see 464 
“environmental conditions” section below); 465 
iii) Accounted for differences among census methods by including each 466 
census method (standard belt-transects, distance sampling, or point-467 
counts) as a covariate in the model.  468 
iv) Accounted for differences in sampling area by including total sampling 469 
area for each reef (m2) as a covariate in the model. 470 
 471 
Top Predators: We examined the presence/absence of 8 families of fish considered 472 
top predators (SI Appendix; Table S1). We considered presence/absence instead of 473 
biomass because biomass was heavily zero inflated. 474 
 475 
Gravity: We first developed a gravity index for each of our reef sites where we had 476 
in situ ecological data. We gathered data on both population estimates and a 477 
surrogate for distance: travel time.  478 
 479 
 Population estimates 480 
We gathered population estimates for each 1 by 1 km cell within a 500 km 481 
radius of each reef site using LandScanTM 2011 database. We chose a 500 km 482 
radius from the reef as a likely maximum distance fishing activities for reef 483 
fish are likely to occur.  484 
 485 
 Travel time calculation 486 
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The following procedure was repeated for each populated cell within the 500 487 
km radius. Travel time was computed using a cost-distance algorithm that 488 
computes the least ‘cost’ (in minutes) of travelling between two locations on a 489 
regular raster grid. In our case, the two locations were the centroid of the reef 490 
site and populated cell (i). The cost (i.e. time) of travelling between the two 491 
locations was determined by using a raster grid of land cover and road 492 
networks with the cells containing values that represent the time required to 493 
travel across them (32, SI Appendix; Table S2), we termed this raster grid a 494 
friction-surface (with the time required to travel across different types of 495 
surfaces analogous to different levels of friction). To develop the friction-496 
surface, we used global datasets of road networks, land cover, and shorelines: 497 
- Road network data was extracted from the Vector Map Level 0 498 
(VMap0) from the National Imagery and Mapping Agency's (NIMA) 499 
Digital Chart of the World (DCW®). We converted vector data from 500 
VMap0 to 1km resolution raster.  501 
 - Land cover data were extracted from the Global Land Cover 2000 502 
(64).  503 
-To define the shorelines, we used the GSHHS (Global Self-504 
consistent, Hierarchical, High-resolution Shoreline) database version 505 
2.2.2.  506 
 507 
These three friction components (road networks, land cover, and shorelines) 508 
were combined into a single friction surface with a Behrmann map projection 509 
(an equal area projection). We calculated our cost-distance models in R using 510 
the accCost function of the 'gdistance' package. The function uses Dijkstra’s 511 
algorithm to calculate least-cost distance between two cells on the grid taking 512 
into account obstacles and the local friction of the landscape (65). Travel time 513 
estimates over a particular surface could be affected by the infrastructure (e.g. 514 
road quality) and types of technology used (e.g. types of boats). These types 515 
of data were not available at a global scale but could be important 516 
modifications in more localized studies.  517 
 518 
 Gravity computation  519 
 17 
To compute gravity, we calculated the population of cell and divided that by 520 
the squared travel time between the reef site and the cell. We summed the 521 
gravity values for each cell within 500 km of the reef site to get the “total 522 
gravity” within 500 km. We used the squared distance (or in our case, travel 523 
time), which is relatively common in geography and economics, although other 524 
exponents can be used (31).  525 
 526 
We also developed a global gravity index for each 10 x 10 km grid of reef in 527 
the world (Box 1), which we provide as an open access dataset. The procedure 528 
to calculate gravity was similar to above with the only difference being in the 529 
precision of the location- the former was a single data point (reef site), while 530 
the latter was a grid cell (reef cell). For the purpose of the analysis, gravity was 531 
log-transformed and standardised. 532 
 533 
We also explored various exponents (1, 2 and 3) and buffer sizes (50, 250 and 534 
500 km) to build 9 gravity metrics. The metric providing the best model, so 535 
with the lowest AIC, was that with a squared exponent for travel time and a 536 
500-km buffer (SI Appendix; Table S4). 537 
 538 
Management: For each observation, we determined the prevailing type of 539 
management, including: i) marine reserve- whether the site fell within the borders of 540 
a no-take marine reserve. We asked data providers to further classify whether the 541 
reserve had high or low levels of compliance. For this analysis, we removed sites that 542 
were categorised as low compliance reserves (n=233); ii) restricted fishing- whether 543 
there were active restrictions on gears (e.g. bans on the use of nets, spearguns, or 544 
traps) or fishing effort (which could have included areas inside marine protected 545 
areas that were not necessarily no take); or iii) openly fished - regularly fished 546 
without effective restrictions (SI Appendix; Table S5). To determine these 547 
classifications, we used the expert opinion of the data providers, and triangulated this 548 
with a global database of marine reserve boundaries (66). We also calculated size 549 
(median= 113.6km2, mean = 217516 km2, SD= 304417) and age (median= 9, mean = 550 
15.5 years, SD= 14.5) of the no-take portion of each reserve. Reserve size was 551 
strongly related to our metric of gravity and could not be directly included in the 552 
analysis. We conducted a supplemental analysis where we separated reserves into 553 
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small (<28km2) and large (>65 km2) based on a natural break in the data to illustrate: 554 
1) how biomass and the presence of top predators might differ between small and 555 
large reserves; and 2) how large reserves are absent in our sample in high gravity. 556 
 557 
Other Social Drivers 558 
To account for the influence of other social drivers that are thought to be related to 559 
the condition of reef fish biomass, we also included the following covariates in our 560 
model:  561 
 562 
1. Local Population Growth: We created a 100 km buffer around each site and used 563 
this to calculate human population within the buffer in 2000 and 2010 based on the 564 
Socioeconomic Data and Application Centre (SEDAC) gridded population of the 565 
world database. Population growth was the proportional difference between the 566 
population in 2000 and 2010. We chose a 100 km buffer as a reasonable range at 567 
which many key human impacts from population (e.g., land-use and nutrients) might 568 
affect reefs (67). 569 
 570 
2. Human Development Index (HDI): HDI is a summary measure of human 571 
development encompassing: a long and healthy life, being knowledgeable, and 572 
having a decent standard of living. In cases where HDI values were not available 573 
specific to the State (e.g. Florida and Hawaii), we used the national (e.g. USA) HDI 574 
value. 575 
 576 
3. Population Size: For each nation/state, we determined the size of the human 577 
population. Data were derived mainly from national census reports the CIA fact book 578 
(https://www.cia.gov/library/publications/the-world-579 
factbook/rankorder/2119rank.html), and Wikipedia (https://en.wikipedia.org). For the 580 
purpose of the analysis, population size was log-transformed. 581 
 582 
Environmental Drivers 583 
1. Depth: The depth of reef surveys was grouped into the following categories: <4m, 584 
4-10m, >10m to account for broad differences in reef fish community structure 585 
attributable to a number of inter-linked depth-related factors. Categories were 586 
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necessary to standardise methods used by data providers and were determined by pre-587 
existing categories used by several data providers. 588 
 589 
2. Habitat: We included the following habitat categories: i) Slope: The reef slope 590 
habitat is typically on the ocean side of a reef, where the reef slopes down into deeper 591 
water; ii) Crest: The reef crest habitat is the section that joins a reef slope to the reef 592 
flat. The zone is typified by high wave energy (i.e. where the waves break). It is also 593 
typified by a change in the angle of the reef from an inclined slope to a horizontal 594 
reef flat; iii) Flat: The reef flat habitat is typically horizontal and extends back from 595 
the reef crest for 10’s to 100’s of meters; iv) Lagoon / back reef: Lagoonal reef 596 
habitats are where the continuous reef flat breaks up into more patchy reef 597 
environments sheltered from wave energy. These habitats can be behind barrier / 598 
fringing reefs or within atolls. Back reef habitats are similar broken habitats where 599 
the wave energy does not typically reach the reefs and thus forms a less continuous 600 
'lagoon style' reef habitat. Due to minimal representation among our sample, we 601 
excluded other less prevalent habitat types, such as channels and banks. To verify the 602 
sites’ habitat information, we used the Millennium Coral Reef Mapping Project 603 
(MCRMP) hierarchical data (68), Google Earth, and site depth information.  604 
 605 
3. Productivity: We examined ocean productivity for each of our sites in mg C / m2 / 606 
day (http://www.science.oregonstate.edu/ocean.productivity/). Using the monthly 607 
data for years 2005 to 2010 (in hdf format), we imported and converted those data 608 
into ArcGIS. We then calculated yearly average and finally an average for all these 609 
years. We used a 100 km buffer around each of our sites and examined the average 610 
productivity within that radius. Note that ocean productivity estimates are less 611 
accurate for nearshore environments, but we used the best available data. For the 612 
purpose of the analysis, productivity was log-transformed. 613 
 614 
4. Climate stress: We included an index of climate stress for corals, developed by 615 
Maina et al. (69), which incorporated 11 different environmental conditions, such as 616 
the mean and variability of sea surface temperature. 617 
 618 
Analyses 619 
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We first looked for collinearity among our covariates using bivariate correlations and 620 
variance inflation factor estimates. This led to the exclusion of several covariates (not 621 
described above): i) Biogeographic Realm (Tropical Atlantic, western Indo-Pacific, 622 
Central Indo-Pacific, or eastern Indo-Pacific); ii) Gross Domestic Product 623 
(purchasing power parity); iii) Rule of Law (World Bank governance index); iv) 624 
Control of Corruption (World Bank governance index); v) Voice and Accountability 625 
(World Bank governance index); vi) Reef Fish Landings; vii) Tourism arrivals 626 
relative to local population; viii) Sedimentation; and ix) Marine Reserve Size. Other 627 
covariates had correlation coefficients 0.7 or less and Variance Inflation Factor 628 
scores less than 5 (indicating multicollinearity was not a serious concern). Care must 629 
be taken in causal attribution of covariates that were significant in our model, but 630 
demonstrated collinearity with candidate covariates that were removed during the 631 
aforementioned process. Importantly, the covariate of interest in this study, gravity, 632 
was not strongly collinear with candidate covariates except reserve size (r=-0.8, 633 
t=3.6, df=104, p=0.0004).  634 
 635 
To quantify the relationships between gravity and target fish biomass, we developed 636 
a general linear mixed model in R, using a log-normal distribution for biomass. To 637 
quantify the relationships between gravity and presence/absence of top predators, we 638 
developed a generalized linear mixed model with a Binomial family and a logit link 639 
function. For both models, we set reef cluster nested within nation/state as a random 640 
effect to account for the hierarchical nature of the data (i.e. reef sites nested in reef 641 
clusters, reef clusters nested in nations/states). We included an interaction between 642 
gravity and reserve age, as well as all the other social and environmental drivers and 643 
the sampling method and total sampling area as covariates. We also tested 644 
interactions between gravity and management and used AIC to select the most 645 
parsimonious model. For fish biomass, the interaction between gravity and reserve 646 
age had AIC values >2 lower than the interaction between gravity and management 647 
(and a combination of both interactions). For the top predator models, both 648 
interactions were within 2 AIC values, so we chose the interaction with reserve age 649 
for consistency. All continuous covariates were standardised for the analysis, and 650 
reserve age was then normalised such that non-reserves were 0 and the oldest 651 
reserves were 1. In summary, our models thus predicted target fish biomass or 652 
probability of top predators being observed at the reef site scale with an interaction 653 
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between gravity and reserve age, while accounting within the random factors for two 654 
bigger scales at which the data were collected (reef cluster, and nation/state- see 655 
supplementary material), and key social and environmental characteristics expected 656 
to influence the biomass of reef fish (14). In addition to coefficient plots (SI 657 
Appendix; Fig. S1), we conducted a supplemental analysis of relative variable 658 
importance (SI Appendix; Table S4). 659 
 660 
We ran the residuals from the models against size of the no-take areas of the marine 661 
reserves and no patterns were evident, suggesting it would explain no additional 662 
variance in the model. Trend lines and partial plots (averaged by site and nation/state) 663 
are presented in the manuscript figures (Fig. 1B-H, 2H). We plotted the partial effect 664 
of the relationship between gravity and protection on targeted fish biomass and 665 
presence of top predators (Figs. 1B-G, 2B-G) by setting all other continuous 666 
covariates to 0 (because they were all standardized and all categorical covariates to 667 
their most common category (i.e. 4-10m for depth, slope for habitat, standard belt 668 
transect for census method). For age of reserves, we set this to 0 for fished and 669 
restricted areas, and to the average age of reserves (15.5 years) for reserves. 670 
 671 
To examine the expected conservation gains of different management strategies, we 672 
calculated: 1) the difference between the response of openly fished areas (our 673 
counterfactual) and high-compliance marine reserves to gravity; and 2) the difference 674 
between the response of openly fished areas and fisheries restricted areas to gravity. 675 
For ease of interpretation, we plotted conservation gains in kg/ha (as opposed to 676 
log[kg/ha], Fig. 3A). A log-normal (linear) model was used to develop the slopes of 677 
the biomass (a) fished, (b) marine reserve, and (c) fisheries restricted areas, which 678 
results in the differences between (a) and (b) and between (a) and (c) being non-679 
linear on an arithmetic scale (Fig 3A).   680 
 681 
We plotted the diagnostic plots of the general linear mixed model to check that the 682 
model assumptions were not violated. To check the fit of the generalized linear 683 
mixed model, we used the confusion matrix (tabular representation of actual versus 684 
predicted values) to calculate the accuracy of the model which came to 79.2%. 685 
To examine homoscedasticity, we checked residuals against fitted values. We 686 
checked our models against a null model, which contained the model structure (i.e. 687 
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random effects), but no covariates. We used the null model as a baseline against 688 
which we could ensure that our full model performed better than a model with no 689 
covariate information. In all cases our models outperformed our null models by more 690 
than 2 AIC values, indicating a more parsimonious model.   691 
 692 
All analyses were undertaken using R (3.43) statistical package. 693 
 694 
Data access 695 
A gridded global gravity data layer is freely available by request from the lead 696 
author. The ecological data used in this manuscript are owned by individual data 697 
providers. Although much of these data (e.g. NOAA CRED data and Reef Life 698 
Surveys) are already open-access, some of these data are governed by intellectual 699 
property arrangements and cannot be made open-access. Because the data are 700 
individually owned, we have agreed upon and developed a structure and process for 701 
those wishing access to the data. Our process is one of engagement and collaboration 702 
with the data providers. Anyone interested can send a short (1/2-1 page) proposal for 703 
use of the database that details the problem statement, research gap, research 704 
question(s), and proposed analyses to the PI and database administrator 705 
Joshua.cinner@jcu.edu.au , who will send the proposal to the data providers. 706 
Individual data providers can agree to make their data available or not. They can also 707 
decide whether they would like to be considered as a potential co-author if their data 708 
is used. The administrator will then send only the data which the providers have 709 
agreed to make available.  710 
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Figure Legends 898 
 899 
Figure 1. Model-predicted relationships between human gravity and reef fish 900 
biomass under different types of fisheries management. A) Map of our study 901 
sites with color indicating the amount of fish biomass at each site. Partial plots 902 
of the relationship between biomass and gravity under different types of 903 
management at the nation/state (B-D), and reef site (F-H) scale; openly fished 904 
(red), restricted (green), and high-compliance marine reserves (blue). Shaded 905 
areas represent 95% confidence intervals. Bubble size in panels B-D reflect the 906 
number of reef sites in each nation/state, scaled for each management type (such 907 
that the largest bubble in each panel represent the highest number of sites per 908 
nation/state for that type of management; Table S5). G) Model-predicted 909 
relationships of how reef fish biomass declines as gravity increases by 910 
management type.  911 
 912 
Figure 2. Model-predicted relationships between human gravity and the 913 
probability of encountering top predators under different types of fisheries 914 
management. A) Map of our study sites indicating the presence of top predators. 915 
The presence of top predators along a gravity gradient under different types of 916 
management at the nation/state (C-E) and site (F-H) scale; openly fished (red), 917 
restricted (green), and high-compliance marine reserves (blue).  Bubble size in 918 
panels F-G reflect the number of reef sites in each nation/state, scaled for each 919 
management type (such that the largest bubble in each panel represent the 920 
highest number of sites per nation/state for that type of management; Table S5). 921 
H) Model-predicted relationships of how the probability of encountering 922 
 29 
predators declines as gravity increases. Shaded areas represent 95% confidence 923 
intervals. 924 
 925 
 926 
Figure 3. The conservation gains (i.e. the difference between openly fished sites 927 
and managed areas) for high-compliance marine reserves (blue line) and 928 
restricted fishing (green line) for (A) target fish biomass (solid lines include 929 
biomass of top predators, dotted lines exclude top predator biomass as per Fig. 930 
S2), and (B) the probability of encountering top predators change along a 931 
gradient of gravity.  932 
 933 
 934 
Figure 4. Distribution of gravity on the world’s coral reefs. A) Map of gravity 935 
calculated for every coral reef in the world ranging from blue (low gravity) to 936 
red (high gravity). The four coral reef realms (70) are delineated. Insets 937 
highlight gravity for key coral reef regions of the world: 1) Red Sea; 2) Western 938 
Indian Ocean; 3) Southeast Asia; 4) Great Barrier Reef of Australia and the 939 
South Pacific; 5) Caribbean. For visual effect, gravity values in inset maps are 940 
also given vertical relief, with higher relief indicating higher gravity values.  B) 941 
Distribution of gravity values per coral reef realm. 942 
 943 
Figure 5. Box 1 Figure. Operationalizing Gravity. A) Applied to coral reefs, our 944 
heuristic of the gravity concept captures interactions between people and coral 945 
reef fish as a function of the population of a place divided by the squared time it 946 
takes to travel to the reefs (i.e. travel time). B) Gravity isoclines along gradients 947 
of population size and travel time illustrate how gravity values could be similar 948 
for places that have large populations but are far from the reefs (e.g. 949 
populationx = 15,000 people, travel timex= 7hours, gravityx = 306) as to those 950 
with small populations that are close to the reef (e.g. populationy = 300 people, 951 
travel timey =1 hour, gravity y = 300). 952 
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